We report the nucleotide sequence of a gene encoding the c ('16 kDa') subunit of the vacuolar-type H + -ATPase (V-ATPase) from a marine red alga, Porphyra yezoensis. A cDNA clone was isolated from a leafy gametophyte cDNA library and analyzed for the sequence. The genomic DNA sequence was directly determined by nested PCR. The structural gene contained four introns within a coding sequence of 483 base pairs which encodes a polypeptide of 161-amino acids with four hydrophobic transmembrane-spanning regions. Comparison of the deduced amino acid sequences showed higher similarity to the land plant Oryza sativa (69.1%) than to the Ulvophyceae Acetabularia acetabulum (64.1%). The mRNA was detected both in the leafy gametophytes and filamentous sporophytes.
Porphyra, a genus of marine red algae, has recently received great interest as a model plant for fundamental and applied studies in marine sciences. 1 The members of this genus are distributed all over the world, and 133 species were recognized in the world 2 and 29 species were recognized in Japan. 3 Porphyra includes several economically valuable species P. yezoensis, P. tenera, P. haitanensis, etc. They are the most valuable marine crops in the world. Their recent annual yields are about 10 billion sheets and recent annual sales of their products are estimated at several billion U.S. dollars. Porphyra has a unique dimorphic life cycle which consists of a leafy gametophytic generation and a filamentous sporophytic one, and some species of Porphyra have an asexual cycle consisting of repetition of leafy gametophytes through monospores. It completes its life cycle in laboratory culture within a few months and has a small number of chromosomes (2) (3) (4) (5) (6) (7) in the haploid phase. 4 The haploid genome sizes in the genus Porphyra (2.7-5.3 x 10 8 bp) are of the same order of magnitude as those of Arabidopsis thaliana. 5 ' 6 Genetic analyses, including both classical and modern molecular studies, are now in progress. 7~n We have been studying the development and regulation of a life cycle in Porphyra. During these studies, we are Communicated by Satoshi Tabata * To whom correspondence should be addressed. Tel. +81-543-34-0411, Fax. +81-543-37-0947, E-mail: nsaga@scc.utokai.ac.jp f The nucleotide sequence data reported in this paper will appear in the DDBJ/EMBL/GeneBank databases under accession numbers AB028204 & AB028205.
particularly interested in the molecular biology of sexual cell differentiation and determination of generations. As mentioned above, there are heteromorphic alternations of generations between a leafy gametophyte and a filamentous sporophyte in Porphyra. These two generations sometimes seem to be different species even though they have the same genome. Their morphogenetic modes are different, and this may be explained by differential gene expression. Our interest here focused on the developmental stage-or generation phase-specific gene expression in Porphyra. The V-ATPase is a complex multimeric enzyme which is characteristic of acidic intracellular organelles in all eukaryotes. In plants, the enzyme has a molecular mass of approximately 650 kDa and consists of around 10 different types of subunits. 12 Differences in subunit composition among the V-ATPases of various plants suggest that subunit composition is either tissue-specific, environmentally or developmentally regulated. 13 Stoichiometrically, the three most abundant subunits are the ATPhydrolyzing A subunit of 67-70 kDa, a nucleotide-binding B subunit of 55-60 kDa and an integral membrane polypeptide (the c subunit) of 16-17 kDa that forms the H + -conducting channel. 14 Dicyclohexylcarbodiimide (DCCD) inhibits V-ATPase activity by covalent binding to an acidic residue in the 16 kDa subunit. 15 The cDNA sequences of V-ATPase c subunits have been reported in animals, plants, fungi and a few algae except red ones. Here we describe the cloning and sequence characterization of a gene encoding the H + -conducting c subunit of 
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a V-ATPase from a red alga P. yezoensis. A cDNA clone which contained an entire coding sequence of the V-ATPase c subunit was isolated by screening a cDNA library of P. yezoensis. The 0.9-kb cDNA contains a 483 base pair open reading frame (ORF) which begins at the translation initiation ATG codon and ends at the TAG termination codon. The predicted protein consists of 161 amino acid residues with a molecular weight of 16236 Da. Comparison of the genomic and cDNA sequences revealed that the V-ATPase c subunit gene from P. yezoensis had 5 exons ranging from 23 to 194 nucleotides in length and 4 introns ranging from 215 to 374 nucleotides in length (Fig. 1) . The 5' and 3' ends of the introns (Fig. 1) conformed to the GT-AG rule characteristic of nuclear genes of eukaryotes. 16 Both numbers and positions of the introns in P. yezoensis were distinct from those in Arabidopsis thaliana. 17 A poly (A) tail or polyadenylation signal (AATAAA) was not found in this clone, presumably owing to loss of the 3'-end of cDNA during the cloning process. An oligo-dT primer for cDNA synthesis may have annealed to an A-rich region in the 3'-untranslated region instead of to the poly(A) tail.
Hydrophobicity analysis according to Kyte and Doolittle 18 suggested that the encoded polypeptide contained four transmembrane domains characteristic of the V-ATPase 16 kDa subunits (Fig. 2) 23 Alignment of the amino acid sequences of algae including Porphyra and of land plants (Fig. 3) revealed variable regions in the second hydrophilic loop and at the N and C termini. This observation suggests that these regions are unlikely to participate in proton translocation. Comparison of the amino acid sequences of the Rhodophyceae P. yezoensis and the Ulvophyceae A. acetabulum showed low similarity as described above (64.1%). However, comparison of the amino acid sequences of the A. acetabulum and the land plant rice showed high similarity (80.9%). This observation may support the proposition that red algae separated before the divergence of green plants (green algae and land plants). 24 Transmembrane domain IV, a highly conserved region among 16 kDa subunit, contained a glutamate residue (E) at position 139 which is thought to be the DCCD-binding site. 25 The serine residue at position 86, a potential phosphorylation site (KAKS) in Arabidopsis, 17 is conserved in the two dicotyledons but is replaced by proline (KAKP) in the two monocotyledons (Fig. 3) . However, this site is missing in Porphyra and the two other algae. These results suggest that there may be a different phosphorylation site in the Rhodophyceae Figure 1 . Nucleotide sequence of the V-ATPase c subunit gene from P. yezoensis. The genomic DNA sequence is shown in italic letters. The amino acid sequence is shown in one-letter code below the respective codons and an asterisk indicates a stop codon. Two regions that correspond to the PCR primers for genomic DNA amplification are singly underlined and the 5' and 3' intron junctions are doubly underlined. Two nested primers are marked with arrows. A hyphen represents a single nucleotide deletion. The position of the nucleotides for cDNA are indicated on both side of the sequences. Total RNA was prepared from a leafy gametophytes of P. yezoensis strain TU-1 using a CTAB method 29 that was modified as follows: the extraction buffer was used at a ratio of 1:14 (w/v). The RNA was purified using Isogen (Wako Pure Chemical Industries), including an additional protocol as follows: the RNA dissolved in diethylpyrocarbonate (DEPC)-treated H2O was reprecipitated with 0.5 vols. high-salt precipitation solution (1.2 M NaCl, 0.8 M sodium citrate, unadjusted pH) and 0.5 vols. isopropanol after the ethanol precipitation step. Poly(A)+ RNA was prepared using Oligotex™-dT30 super (Roche Japan). The cDNA library of P. yezoensis was constructed in the cloning vector AZAPII using a cDNA synthesis kit (Stratagene) according to instructions from the manufacturer. The actin fragments including the first 5' consensus region were DIG-labeled with PCR DIG labeling mix (Roche), and used as a probe to screen the cDNA library. Recombinant pBluescript SK~ phagemids were rescued from positive A phage clones by in vivo excision (Stratagene). Nucleotide sequences were determined on both strands using an automatic sequencer, ABI PRISM™ 310 (Perkin-Elmer). We subjected 100 ng of P. yezoensis genomic DNA to PCR amplification with primers (singly underlined). PCR was carried out for 30 cycles of 94°C 1 min, 49°C for 1 min, 72°C for 2 min with GeneTaq NT (Wako Pure Chemical Industries). This procedure yielded smeary PCR products as assessed by electrophoresis. We thus subjected 1 fi\ of the PCR mixture to nested PCR amplification with the nested primers (arrow). Two nested PCRs were carried out for 30 cycles of 94°C for 1 min, 55°C for 1 min, 72°C for 2 min with GeneTaq NT. Two nested PCR products of approx. 1500 bp and 1300 bp in length were isolated using a Geneclean II kit (Bio 101, Vista, CA, USA) after agarose gel electrophoresis and directly sequenced as described above. The nucleotide and amino acid sequences were edited and aligned using the Genetyx-Mac (Version 9; Software Development Co. Ltd., Tokyo, Japan including Porphyra.
Expression of the V-ATPase c subunit mRNA was studied by Northern analysis, in the leafy gametophytes and the filamentous sporophytes (Fig. 4) . The major single band was observed at approximately 1.4 kb. The size of the V-ATPase c subunit transcripts (1.4 kb) in P. yezoensis is distinct from that of AVA-P2 (0.8 kb) and AVA-P1 (0.9 kb) in A. thaliana, 17 and CVA16.4 (1.0 kb) in cotton Gossypium hirsutum. 26 Significant accumulation of transcripts was detected in the leafy gametophytes both during the 2 mm stage that induced monospore release and the 1-2 cm stage, whereas the expression level was much lower both in the 1-2 mm stage leafy gametophytes that unformed monospore and in the filamentous sporophytes. According to some ultrastructural studies, prolific production of small and large fibrous vesicles which appear to be formed primarily by dictyosome activity was observed during monospore formation of some red algae. 27 Interestingly, some species of Porphyra form monospores only on young thalli a few millimeters long, whereas other Porphyra species including P. yezoensis continue producing monospores on thalli several centimeters long. 28 The preliminary results described above suggest that accumulation of the transcripts in the 2 mm and 1-2 cm stage leafy gametophytes that formed monospore (Fig. 4 lanes 2, 3) may be associated with prolific production of fibrous vesicles as an internal membrane system. The results of Northern analysis suggest that the V-ATPase c subunit gene is expressed in a developmental stage-specific manner and is not expressed in a generation phase-specific one. + 
